Oocyte cryopreservation is a promising technology that could benefit women undergoing assisted reproduction. Most studies examining the effects of cryopreservation on fertilization and developmental competence have been done using metaphase IIstage oocytes, while fewer studies have focused on freezing oocytes at the germinal vesicle (GV) stage, followed by in vitro maturation. Herein, we examined the effects of vitrifying GVstage mouse oocytes on cytoplasmic structure and on the ability to undergo cytoplasmic changes necessary for proper fertilization and early embryonic development. We examined the endoplasmic reticulum (ER) as one indicator of cytoplasmic structure, as well as the ability of oocytes to develop Ca 2+ release mechanisms following vitrification and in vitro maturation. Vitrified GV-stage oocytes matured in culture to metaphase II at a rate comparable to that of controls. These oocytes had the capacity to release Ca 2+ following injection of inositol 1,4,5-trisphosphate, demonstrating that Ca 2+ release mechanisms developed during meiotic maturation. The ER remained intact during the vitrification procedure as assessed using the lipophilic fluorescent dye DiI. However, the reorganization of the ER that occurs during in vivo maturation was impaired in oocytes that were vitrified before oocyte maturation. These results show that vitrification of GV-stage oocytes does not affect nuclear maturation or the continuity of the ER, but normal cytoplasmic maturation as assessed by the reorganization of the ER is disrupted. Deficiencies in factors that are responsible for proper ER reorganization during oocyte maturation could contribute to the low developmental potential previously reported in vitrified in vitro-matured oocytes.
INTRODUCTION
Infertility is a widespread problem, affecting approximately 5%-15% of the population [1] . The most common form of assisted reproductive technology is in vitro fertilization (IVF), in which metaphase II (MII)-stage oocytes are obtained from women following hormonally induced ovarian stimulation and are fertilized with sperm. A few of the resulting embryos are usually implanted right away, but in many cases leftover embryos are frozen for later use. Cryopreservation of embryos is a well-established technique that has been used successfully for many years [2] . However, this method can introduce some practical and ethical issues, and the production of embryos requires that a woman have a partner's or donor's sperm. Therefore, it is not a viable option for all infertile women. For these reasons, it would be preferable to cryopreserve unfertilized eggs or immature oocytes.
To date, attempts to produce high-quality embryos that develop to term following freezing and thawing of MII-stage oocytes have had limited success [3] [4] [5] . Reasons for this may include low permeability of the oocyte membrane to cryoprotectants, susceptibility of the meiotic spindle to cooling [5] [6] [7] [8] [9] , and toxic effects of cryoprotectants that affect various aspects of the oocyte's physiology [3, 7, 10, 11] . The two main methods that have been used for cryopreservation are slow freezing/thawing and ultrarapid freezing (vitrification). While both methods can yield high oocyte survival and fertilization rates following cryopreservation [4, 6, 10, [12] [13] [14] , direct comparisons between slow and rapid freezing procedures have shown that vitrification is likely to be the more promising method [6, 7, 10, 15, 16] . Although survival and fertilization rates of vitrified eggs have improved over the past several years, this procedure has resulted in only ;300-500 live births to date [3, 17, 18] , suggesting that cryopreserved oocytes are compromised in other ways that do not affect survival and fertilizability.
Alternatively, the ability to cryopreserve immature oocytes that are at the germinal vesicle (GV) stage and then to mature them in vitro would represent a significant advance that could assist more groups of women. The process of in vitro oocyte maturation (IVM) has many advantages over current standard IVF protocols, which necessitate injecting women with large doses of hormones that can have unwanted adverse effects. With IVM, immature oocytes could be retrieved from the ovaries of women without prior hormone injection or with lower doses of hormones. In recent years, this procedure has improved and shows promise as a treatment for infertility [17, [19] [20] [21] [22] . Because GV-stage oocytes have not yet formed meiotic spindles and their chromatin is decondensed within the nuclear envelope, they may be less susceptible to freezing damage that would otherwise disrupt the spindle in an MIIstage oocyte. Therefore, the cryopreservation of GV-stage oocytes is an attractive alternative for freezing female gametes. Although studies [23] [24] [25] [26] [27] [28] [29] have shown that bovine oocytes frozen at the GV stage have lower survival rates and developmental competence than oocytes frozen at the MII stage, live births have been obtained using this procedure [23, 24, [28] [29] [30] . Because the developmental competence of both cryopreserved GV-stage and MII-stage bovine oocytes is significantly lower than that of unfrozen controls, a more accurate comparison between freezing GV-stage vs. MII-stage bovine oocytes might be made after the overall cryopreservation procedure is improved.
There have been fewer studies examining the developmental competence in human and mouse oocytes following cryopreservation and IVM. In the limited studies that have been done in the mouse, it has been shown that GV-stage oocytes can be successfully frozen and thawed [31] [32] [33] , that they can subsequently mature in culture and form morphologically normal spindles [33] , and that they can develop after fertilization and produce live births [31, 32] . However, as in bovine oocytes, the developmental competence in terms of blastocyst formation and live births is approximately 50% lower than that of unfrozen controls [31, 32] . Therefore, more studies need to be done to examine the cause of this lower developmental competence. In addition, it is important to investigate other aspects of oocyte cryopreservation on oocyte physiology, particularly on components that are necessary for IVM. Defects in cytoplasmic structures and meiotic competence that arise due to cryopreservation could contribute to the low success rates following oocyte freezing.
During maturation, the oocyte undergoes many cytoplasmic changes that prepare it for successful fertilization and early embryonic development. One of these changes involves the development of the ability of the mature oocyte to release Ca 2þ in response to sperm penetration [34] [35] [36] [37] . Ca 2þ release at fertilization is responsible for preventing polyspermy and for stimulating the oocyte to complete meiosis and to begin early development [38] . An important component of the Ca 2þ release system is the endoplasmic reticulum (ER), which is a continuous membranous network throughout the egg that is the major site of Ca 2þ storage [39] [40] [41] [42] [43] . The ER undergoes a dramatic change during oocyte maturation, such that clusters of ER form in the mature oocyte's cortex, and this reorganization is thought to be associated with the ability of the oocyte to release Ca 2þ at fertilization [36, 44] . The objectives of this study were to examine the meiotic competence of vitrified oocytes, the ability of oocytes to develop to the MII stage following IVM, and the ability of immature oocytes to develop Ca 2þ release mechanisms during oocyte maturation. We also used the structure of the ER as a cytoplasmic indicator to show the effects of vitrification on the ability of the ER to reorganize following IVM.
MATERIALS AND METHODS

Preparation and Culture of Gametes
All experiments were performed in accord with the Center for Laboratory Animal Care at the University of Connecticut Health Center. Except where noted, all chemicals were purchased from Sigma (St. Louis, MO).
CF1 mice (Harlan Sprague-Dawley, Indianapolis, IN) were used for all experiments, and oocytes and sperm were collected as previously described [45] . In brief, fully grown GV-stage oocytes were obtained from the ovaries of 6-to 10-wk-old female mice that had been primed 40-46 h earlier with 10 IU equine chorionic gonadotropin (eCG). Cumulus cells were removed by repeated pipetting through a small-bore pipette. Oocytes were cultured in 200-ll drops of medium under light mineral oil (Fisher Scientific, Pittsburgh, PA) at 378C. The collection medium was modified Eagle medium (MEM) a (No. 12000-022; Invitrogen, Carlsbad, CA) supplemented with 20 mM Hepes, 75 lg/ml penicillin G, 50 lg/ml streptomycin sulfate, 0.1% polyvinyl alcohol, and 250 lM dibutyryl (db) cAMP to prevent spontaneous oocyte maturation. To initiate meiotic maturation, oocytes were washed into medium without dbcAMP. For overnight cultures, oocytes were incubated in bicarbonatebuffered MEMa in which 25 mM sodium bicarbonate was substituted for the Hepes and 5% fetal bovine serum (FBS) (Invitrogen) was substituted for the polyvinyl alcohol. Oocytes were assessed for the meiotic stage (MII, GV breakdown [GVBD], or GV intact) after 18-20 h.
Metaphase II-stage oocytes were collected from the ampullae of the oviduct from mice that were superovulated with 10 IU eCG, followed by 10 IU human chorionic gonadotropin 44-48 h later. Oocytes were collected in Hepesbuffered MEMa, and cumulus cells were removed using 0.3 mg/ml hyaluronidase (type IV-S). Oocytes were used on the same day they were collected.
Sperm were collected from the caudal epididymides and vas deferens of !12-wk-old CF1 mice in IVF medium [46] containing 3% bovine serum albumin (BSA) (fraction V; Calbiochem, La Jolla, CA). Sperm were capacitated for 1-2 h in a humidified atmosphere of 5% CO 2 /95% air before insemination. For insemination, sperm were diluted to a final concentration of ;2-5 3 10 5 sperm/ml. Sperm and oocytes were incubated together for 1.5-2 h, and then the oocytes were washed out and incubated further in bicarbonatebuffered MEMa at 378C in a humidified 5% CO 2 incubator. Fertilized oocytes were observed periodically for the presence of second polar bodies and pronuclei.
Oocyte Vitrification and Warming
For vitrification, isolated GV-stage oocytes were placed into IVF medium supplemented with 20% FBS (holding medium) for ;1 min. The oocytes were washed into holding medium containing 1.0 M ethylene glycol and 1.0 M 1,2-propanediol for 5 min and were then transferred to vitrification medium composed of holding medium containing 2.0 M ethylene glycol, 2.0 M 1,2-propanediol, and 0.5 M sucrose for 5 min. Oocytes were loaded onto the center of a vapor-chilled polyethylene terephthalate plastic strip (thickness, ;100-130 lm) cut from the wall of a 0.5-L Poland Spring Water (Wilkes Barre, PA) bottle. The initial volume of the drops containing the oocytes was ;1-2 ll; then the oocytes were spread out on the slide, and the remaining medium was removed using a small-bore pipette, such that the final volume on the strip was ,1 ll. The strips were then plunged directly into liquid nitrogen and placed in cryovials for storage in liquid nitrogen. All steps before vitrification were carried out at 378C.
For warming, the strips containing the vitrified oocytes were removed from liquid nitrogen and immediately immersed in holding medium containing 0.5 M sucrose for 1 min. Oocytes were transferred to holding medium containing 0.25 M sucrose for 3 min and then were transferred to holding medium containing 0.125 M sucrose for 3 min. All steps during warming were carried out at 378C. Oocytes were washed twice in holding medium and twice in culture medium. The oocytes were then cultured in a 378C incubator with 5% CO 2 /95% air.
Microinjection, Confocal Microscopy, and Ca 2þ Measurements
Quantitative microinjection was performed as previously described using mercury-filled micropipettes [45] . A saturated solution of DiI (1,1 0 -dihexadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate; Invitrogen) was prepared in soybean oil (Wesson Oil; ConAgra Foods, Inc., Memphis, TN) and stored at 48C. The DiI solution was front-loaded into a beveled mercuryfilled pipette connected to a micrometer syringe system filled with Fluorinert FC-70 (Sigma). The same pipette was used to inject several oocytes with ;2.5-5 pl of solution, which formed an oil droplet inside the oocytes. This 2-fold range in the amount of DiI did not affect the qualitative results to be described. The volume injected was calculated based on the diameter of the sphere that forms in the oocyte cytoplasm during microinjection. DiI-labeled GV-stage and MII-stage oocytes were observed using a confocal microscope (Pascal; Carl Zeiss Microimaging, Inc., Thornwood, NY) ;30 min to 2 h after microinjection. Fluorescence was excited with the 543-nm line of a HeNe laser and was detected using a 560-nm emission filter. Images were collected using a 403 NA 1.2 water immersion objective (C-Apochromat; Carl Zeiss MicroImaging, Inc.). Cortical ER clusters were evaluated by examining the pattern of DiI labeling at the bottom edge of the cortex, just beneath the plasma membrane. The optical section thickness was ;2 lm. The presence of cortical clusters, as defined by distinct aggregations of ER that were !0.5 lm in diameter, was evaluated blindly by two different people.
Injected concentrations of calcium green 10-kDa dextran (Invitrogen) and inositol 1,4,5-trisphosphate (IP 3 ; Calbiochem) were based on an oocyte volume of 200 pl. Ca 2þ measurements were performed as previously described [46] using a photodiode with a built-in amplifier (Oriel Instruments, Stratford, CT) mounted on an inverted microscope and connected to a chart recorder. Figures were made using Adobe Photoshop (Adobe Systems Inc., San Jose, CA) after scanning the chart records into a computer.
Immunofluorescence
In vitro-matured oocytes were fixed for 1 h in 2% formaldehyde in 100 mM Hepes, 50 mM ethyleneglycoltetracetic acid, 10 mM MgSO 4 , and 0.2% Triton X-100 at 378C. After fixation, oocytes were washed into PBS containing 1% Triton-X, incubated for 5 h at 48C, and then washed into blocking buffer (PBS 148 containing 0.01% Triton X-100, 0.1% polyvinyl alcohol, and 3% BSA) for 15 min. Oocytes were incubated in primary antibody (anti-tubulin, YL1/2; Serotec Inc., Raleigh, NC) diluted 1:100 in blocking buffer overnight at room temperature. Following primary antibody incubation, oocytes were washed with blocking buffer and incubated for 2 h with secondary antibody (Alexa Fluor 488-conjugated anti-rat IgG; Invitrogen) diluted 1:200 in blocking buffer. Oocytes were then washed in PBS. In the first wash, 10 lg/ml Hoechst 33528 (Invitrogen) was included and incubated for 15 min. Labeled oocytes were observed with the 403 NA 1.2 lens on a Zeiss 510 confocal microscope (Carl Zeiss Microimaging, Inc.). Fluorescence was excited at 488 nm for tubulin and at 364 nm for Hoechst and was detected at 505 nm and 435-485 nm for tubulin and Hoechst, respectively.
Statistical Analysis
Tests of statistical significance were performed using InStat software (GraphPad Software, Inc., San Diego, CA). Differences between groups were determined by Student t-test or Fisher exact test. P , 0.05 was considered statistically significant.
RESULTS
Vitrified GV-Stage Oocytes Are Morphologically Normal and Are Meiotically Competent
Vitrified, warmed (hereafter referred to as vitrified) GVstage oocytes (n ¼ 265) were morphologically indistinguishable from freshly isolated oocytes when examined live by transmitted light microscopy ( Fig. 1) . After washing dbcAMP from the culture medium, the vitrified oocytes resumed meiotic maturation, underwent GVBD, and extruded a first polar body (Fig. 1) . The time to GVBD in vitrified oocytes was slightly slower than that in control fresh oocytes, with only 54% of vitrified oocytes undergoing GVBD within 2 h compared with 94% of controls (Fig. 2) . However, by 6.5 h after removal of dbcAMP, similar numbers of oocytes in the vitrified (n ¼ 89) and control (n ¼ 400) groups had undergone GVBD (97% and 95%, respectively) ( Fig. 2) , demonstrating that almost all of the vitrified oocytes were meiotically competent. Seventy-eight percent of those GV-stage oocytes (n ¼ 253) that underwent GVBD went on to extrude first polar bodies compared with 80% of fresh control oocytes (n ¼ 221). Vitrified oocytes (n ¼ 12) that were matured in vitro to the MII stage formed MII spindles that were morphologically identical to those of freshly isolated in vivo-matured MII-stage oocytes (n ¼ 21) (92% vs. 95%) (Fig. 3) . We also fertilized vitrified in vitro-matured MII-stage oocytes and examined the presence of second polar bodies and pronuclei (Table 1) . For these experiments, we used zonafree oocytes because of previous evidence that the zona can harden in response to vitrification [3, 10, 11, 15, 47] . Consistent with these observations, we found that it was necessary to remove the zonae before vitrification, as we were unable to remove them with acid Tyrode or chymotrypsin following vitrification. Eight-six percent of control freshly ovulated MII-stage oocytes (n ¼ 35) formed second polar bodies within 2 h after insemination, and 87% of those oocytes with second polar bodies went on to form pronuclei (Table 1) . Similarly, 72% of control (unfrozen) in vitro-matured MIIstage oocytes (n ¼ 29) formed second polar bodies, and 67% of those went on to form pronuclei. Vitrified oocytes (n ¼ 43) that were matured in vitro had 67% polar body formation, and 76% of those formed pronuclei (Table 1) . No statistical differences were found among any of these groups. These results show that vitrified in vitro-matured oocytes are able to initiate the early events of egg activation following fertilization and, by extension, suggest that the Ca 2þ releasing ability of vitrified oocytes is functional because of this.
The Continuity of the ER Is Preserved Following Oocyte Vitrification
To examine the effects of cryopreservation on ER structure, we observed the structure of the ER following vitrification. The ER was visualized using the lipophilic fluorescent dye DiI and confocal microscopy [40] [41] [42] [43] [44] [47] [48] [49] . To label the ER, DiI was prepared as a saturated solution in soybean oil and microinjected into the oocyte, where it contacts intracellular membranes. Because the ER is a continuous network, the dye will spread throughout the entire ER if it is intact. As reported previously [40, 48] , control, unfrozen GV-stage oocytes contained a fine reticular network throughout the oocyte that had no distinct clusters of ER in the cortex (Fig. 5, A and B) . Clusters of ER were present throughout the oocyte interior (Fig. 5B) . The ER in vitrified GV-stage oocytes remained intact, as indicated by dye spreading, and the structure was similar to controls, with no distinct ER clusters in the oocyte cortex but with clusters throughout the cytoplasm (Fig. 5, C  and D) .
Optimization of Culture Conditions to Obtain ER Reorganization During In Vitro Maturation
The ER undergoes dramatic reorganization during meiotic maturation in vivo, such that large clusters of ER form in the cortex opposite the meiotic spindle [39] (Fig. 6A) . Therefore, we next examined the ability of the ER to reorganize during spontaneous maturation of fresh (unfrozen) oocytes in vitro. Unexpectedly, we found that only 42% of the oocytes cultured in MEMa (n ¼ 48) formed distinct cortical ER clusters following IVM, while the rest contained no apparent ER clusters ( Table 2) . Because of this, we next examined the ER structure in oocytes that were matured in a different culture medium, CZB [50] . In contrast to oocytes matured in MEMa, 78% of oocytes matured in CZB (n ¼ 46) formed cortical ER clusters ( Fig. 6B and Table 2 ) compared with 94% of freshly ovulated MII-stage oocytes (n ¼ 18) ( Table 2 ). This is not significantly different from the number of cortical clusters present in freshly ovulated MII-stage oocytes.
Because CZB contained 20% FBS and our standard MEMa medium contained only 5% serum, we examined whether the amount of serum in the culture medium affected the formation of cortical clusters during in vitro maturation. Sixty-eight percent of oocytes (n ¼ 47) matured in MEMa containing 20% FBS exhibited cortical ER clusters (Table 2 ). This percentage was not significantly different from that of CZB-matured oocytes but is somewhat lower than the percentage of clusters present in freshly ovulated MII-stage oocytes. These data show that the amount of serum and the particular culture medium used are important factors for successful reorganization of the ER during in vitro maturation of mouse oocytes. 
Cryopreservation Adversely Affects the Reorganization of Cortical ER Clusters During In Vitro Maturation
We next examined the formation of ER clusters in oocytes that were vitrified before IVM. For these experiments, we matured vitrified oocytes in CZB medium, as oocytes matured in CZB most closely resembled those of in vivo-matured oocytes. We found that a significantly lower percentage, only 29%, of vitrified oocytes had cortical ER clusters following in vitro maturation compared with 78% of controls (n ¼ 46) (Table 3 ). This result was unexpected because the continuity of the ER was not disrupted in immature oocytes following vitrification (Fig. 5B ) and suggests that some components necessary for the reorganization and stability of the ER during oocyte maturation are disrupted by the vitrification process. These factors could contribute to the lower developmental competence of vitrified in vitro-matured oocytes that has been reported previously [30, 31] . We also examined if vitrification affects the structure of cortical ER clusters in vitrified in vivomatured MII-stage oocytes. Significantly fewer of these oocytes had cortical ER clusters compared with fresh oocytes (56% vs. 94%) ( Table 3 ), showing that this process can also interfere with the ER organization in mature oocytes that have previously formed ER clusters.
DISCUSSION
In this study, we confirmed previous reports showing that mouse oocytes cryopreserved at the GV stage can be vitrified to yield morphologically normal GV-stage oocytes, that they mature at a high rate in vitro after vitrification, and that they subsequently form morphologically normal bipolar meiotic spindles. We then extended previous studies by examining if cytoplasmic structure is preserved during the vitrification procedure. We found that the structure of the ER remains intact during vitrification of GV-stage oocytes, indicating that this process does not damage these intracellular membranes. In addition, oocytes vitrified at the GV stage and matured in vitro are capable of releasing Ca 2þ in response to IP 3 and can be fertilized. Because the ability to release Ca 2þ develops during oocyte maturation, vitrification does not appear to adversely affect this important component of cytoplasmic maturation. However, the reorganization of the ER that normally occurs during oocyte maturation was impaired by this process. Although vitrification of immature oocytes followed by in vitro maturation yields morphologically normal oocytes that exhibit some of the properties of early development following fertilization, cytoplasmic maturation is disrupted, and this could account for the reduced developmental potential observed previously following vitrification and in vitro maturation [23, 25, [28] [29] [30] [31] .
During meiotic maturation in vivo, the ER undergoes reorganization, such that clusters of ER form in the oocyte cortex opposite the meiotic spindle [41, 44] . However, we found that the majority of oocytes that were not vitrified but were matured in our standard MEMa medium did not exhibit ER clusters in the mature oocyte cortex (Fig. 6 and Table 2 ). In contrast, the ER in oocytes matured in CZB and in MEMa containing 20% FBS reorganized into distinct cortical clusters, similar to those seen in freshly ovulated MII-stage oocytes (Fig. 6B) . These latter results are in agreement with a recent study [44] that showed normal pattern and size of cortical ER accumulations in the mouse oocyte cortex following in vitro maturation, although this study did not indicate the percentage of oocytes that formed cortical ER. It is not clear in our study what effect an increased amount of FBS in the culture medium has on the ability of oocytes to exhibit ER reorganization during meiotic maturation. However, the difference in ER structure following IVM in different culture media herein underscores the importance of establishing culture conditions that yield consistent results during IVM before cryopreservation. The ability to form normal ER clusters that are retained after cryopreservation and in vitro maturation could be used as MOUSE OOCYTE VITRIFICATION 151 one criterion to assay how closely various culture conditions simulate in vivo meiotic maturation.
The structure of the ER in GV-stage oocytes was similar between control and vitrified oocytes, with continuous ER throughout the oocyte and around the GV in both groups, as well as aggregations of ER throughout the cytoplasm (Fig. 5) . The ability of the ER to remain a continuous network throughout the vitrification process indicates that at least one important component of the cytoplasmic structure can remain intact following cryopreservation. However, the ability of the ER to reorganize into cortical ER clusters following vitrification and in vitro maturation was impaired, even in oocytes matured in CZB. This suggests that other components of cytoplasmic maturation could be affected by the vitrification process. The spindle morphology observed following vitrification and IVM appeared normal, suggesting that microtubules are possibly unaffected by this procedure. In oocytes maturing in vitro, microtubules are important for ER reorganization during GVBD, but microfilaments have been shown to be necessary for ER remodeling into cortical clusters [44] . It is possible that microfilaments or other proteins needed for actin polymerization could be disrupted by vitrification, such that they are no longer able to regulate ER reorganization during maturation. Moreover, a few studies [51] [52] [53] have shown that vitrification is detrimental to microfilament structure in bovine and porcine oocytes. To date, it is unknown what the role of microfilaments might be for ER reorganization. Other unknown proteins needed for the process of ER reorganization could also be impaired.
It is also possible that microtubules are damaged during vitrification, at least initially. This could explain why fewer oocytes vitrified at the MII stage displayed cortical ER clusters compared with fresh MII-stage oocytes, as the ER and microtubules are interdependent structures [54] . Some studies [4, 55, 56] have shown that, although microtubules are disrupted immediately after cryopreservation of MII-stage oocytes, they are able to reform after culturing at 378, such that morphologically normal meiotic spindles become apparent. In our study, we examined the ER in vitrified MII-stage oocytes 1-2 h after oocyte warming. Even if microtubules are disrupted and a spindle is able to reform within a few hours after oocyte warming, it is possible that the association between the ER and microtubules does not reestablish within this time. However, other findings show no disruption of microtubules following cryopreservation [7] . Nevertheless, disruption of microtubules could contribute to the lack of cortical clusters seen in vitrified MII-stage oocytes and could help explain why cortical clusters do not form in vitrified oocytes following in vitro maturation of GV-stage oocytes.
Despite the inability of the majority of oocytes cultured in MEMa containing 5% FBS to form cortical ER clusters during IVM, vitrified in vitro-matured oocytes released Ca 2þ on injection of IP 3 , which is the physiological stimulus for Ca 2þ release at fertilization [57] . Indeed, these oocytes exhibited more transients than in vivo-matured freshly ovulated MIIstage oocytes (Fig. 4) . Because Ca 2þ release is essential for several aspects of successful fertilization, including polyspermy prevention, completion of meiosis, and early development [38] , it is critical for vitrified/in vitro-matured oocytes to develop the ability to release Ca 2þ during oocyte maturation. While the ER is a major site of Ca 2þ storage [39, 43] and IP 3 receptors have been localized to the cortical ER clusters [37, 42] , IP 3 receptors are also located on the ER that does not form clusters [40] . Because the amount of IP 3 receptor protein doubles during oocyte maturation [37] , it is possible that the increased number of IP 3 receptors provides the oocyte with enough Ca 2þ releasing ability to allow for a normal pattern of Ca 2þ release in response to IP 3 following IVM, even in the absence of cortical ER clusters. Moreover, vitrified in vitromatured oocytes formed second polar bodies and pronuclei, events that depend on release of intracellular Ca 2þ [38] . Deficiencies in the ability of the ER to reorganize following IVM and/or other components of cytoplasmic maturation could help explain the low developmental rates reported by others following oocyte cryopreservation and IVM [23, 25, [28] [29] [30] [31] . Additional causes of low developmental competence in some cryopreserved oocytes could be that the zona pellucida is modified, such that it hardens and prevents fertilization in some cases [3, 7, 11, 15, 47] . In this study, we were unable to remove zonae from oocytes following cryopreservation using acid Tyrode, suggesting that the zonae were modified by some aspect of the vitrification procedure. The cause of zona hardening could be the use of the cryoprotectants ethylene glycol and/or 1,2-propanediol, both of which have been shown to cause Ca 2þ release when added to unfrozen oocytes [7, 11] . This, in turn, could cause premature release of cortical granules and modification of the zona [58] and the plasma membrane. The ability of zona-free oocytes to be fertilized in this study demonstrates that, even if release of cortical granules modified the zona pellucida, sperm interaction with the plasma membrane was not impaired by the vitrification procedure in most cases. Nevertheless, release of Ca 2þ by cryoprotectants could potentially affect other aspects of egg activation [3] .
Additional components of cytoplasmic maturation that are independent of cryopreservation could also contribute to the low developmental potential following in vitro maturation. For example, mouse oocytes matured in vitro have been shown to have lower mitogen-activated protein kinase activity than those in controls, and this could contribute to a higher rate of parthenogenetic activation and reduced developmental competence seen in in vitro-matured oocytes [59] . More studies will be needed to clarify the normal events of cytoplasmic maturation (e.g., the effects on other organelles and protein synthesis) to determine how well IVM mimics these events. Development of culture media that more accurately simulate these normal cytoplasmic events will be essential for obtaining in vitro-matured oocytes, whether cryopreserved or not, that closely resemble those of freshly ovulated oocytes.
In summary, our results show that cryopreservation of GVstage mammalian oocytes can preserve intracellular membranes and that nuclear maturation of immature oocytes matured following vitrification appears to be normal. However, this technique disrupts the ability of the ER to reorganize during oocyte maturation, and this could contribute to the low developmental competence that has been observed following cryopreservation. Before this technique can become a reliable method for treating infertility, further studies will need to be performed to improve the process of IVM in fresh and frozen oocytes, as well as to assess other aspects of cytoplasmic maturation that might contribute to the developmental competence of in vitro-matured oocytes.
